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Abstract 
Over the last years the sustainability issue has grown exponentially and it has involved several engineering areas, starting with 
the product sustainability, then to the factory sustainability, up to reach the entire Value Chain sustainability. Due to the  
continuous increasing of complex relations among factories, suppliers, and customers, a new method for investigating the entire 
Value Chain, considering its key partners, their requirements in terms of materials usage and energy consumption, and how these 
requirements influence the Value Chain sustainability is presented. This model will aim companies to define the criticalities 
inside the Value Chain relations and to develop possible improved scenarios. 
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1. Introduction 
The growing interest to the sustainable issue has created 
during the years several challenges. An important field is the 
industrial sector which is one of the largest user of energy and 
resources. Worldwide, it is responsible for the consumption of 
more than one third of the primary energy produced. In 2011, 
the industrial sector consumed globally, approximately 910 
Mtoe [1]. In the same year, EU-28 final energy consumption 
reached 1.109 Mtoe and 26% of this consumption is related to 
the industrial sector [2]. These data explain the need to 
implement several and different policies concerning the 
product, process and also factory sustainability.  In fact, the 
increasing pressure on product sustainability has grown 
dramatically and companies are starting to envisage the 
measurement and reporting of such environmental 
performance as a further key factor to compete in the global 
market [3]. Today, the competition among companies is so 
driven that the sustainability concepts are extended to the 
entire product Value Chain. In this context, the variables and 
constraints that have to be considered to improve the product 
sustainability are complex, because they are influenced not 
only by the factory itself, but also by the key-partners of the 
Value Chain. To bridge the gap between the product 
sustainability requirements and the companies economic and 
sustainable requirements, it is necessary to study a reference 
model, aiming to develop more sustainable products through 
the strengthen of cooperation among Value Chain partners.  In 
the following chapters an overview of the sustainable 
manufacturing issue and the Value Chain definition are 
presented and discussed; then a structured methodology is 
defined in detail and applied to a real case study, to evaluate 
and define the relations among Value Chain partners and how 
these relations could be improved with the aim to develop 
new synergies among the partners to increase their 
competitiveness. 
2. State of the art 
2.1. Sustainable Manufacturing 
Over the last years, the industrial sector has accepted 
responsibility for reducing the environmental and economic 
impacts related to its activities [4]. The need to move towards 
a sustainable manufacturing emerges from the aforementioned 
data [1][2]; this means to create manufactured products using 
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processes able to minimise negative environmental impacts, 
conserve energy and natural resources, respect the employees, 
communities, and consumers safety, and finally exploiting 
industrial processes that are economically sound [5]. In this 
view, relevant efforts in industry and academia environment 
has been done to reach this goal in terms of manufacturing 
processes assessment, factory performance simulation, and 
energy and other resources flows modelling. Hermann et al. 
[6], have proposed a model to realise a simulation of the 
factory performance considering together: the production 
system itself, the technical building services and the building 
shell. Duflou et al. [4], have explained how model and assess 
the energy flows inside a factory, according to different levels 
(unit process, multi-machine system, facility, multi-factory 
system and global Supply Chain), but they have not 
considered the other involved flows (e.g. raw materials or 
energy) and how their usage contributes to the environmental 
impact and to the cost of the product. As reported in [6], it is 
important to understand that “the consumption and emission 
of all forms of energy and resources is not static but rather 
highly dynamic depending on the state of the individual 
processes and machines”; moreover these aspects have to be 
seen in the Value Chain context, considering the dynamic 
relations among process performance and supplier 
characteristics.  
It is important to observe that all these proposed 
approaches are mainly focused on the process/factory 
modelling and analysis, but they do not consider the Supply 
Chain in terms of energy, materials and other resources flows. 
Moreover the interrelations among the Supply Chain subjects 
are neglected and this aspect could bring important 
inaccuracies in the overall sustainability assessment. For this 
reason, although the energy consumption from 2001 to 2011 
by the industrial sector was decreased by 13% [2], further 
improvements are necessary. Moreover if we consider also the 
other resources involved along the Value Chain, the margins 
of improvement are much broader.  
2.2. Towards Sustainable Value Chain 
A Supply Chain can be defined as a set of entities (i.e. 
organizations, individuals) directly involved in the upstream 
and downstream flows of products/components [8]. In the 
modern Supply Chain models also the final customer is 
involved because it is the first revenue source [9]. In literature 
several examples describing how to model and manage the 
Supply Chain flows have been presented with the aim to 
maximize the Supply Chain incomes, but the sustainability 
issues analysis related to the Supply Chain is still at the early 
stages [10].  Hallstedt et al. [11], have proposed a work to 
give an introductory approach for companies on decision 
support tools able to model and simulate lifecycle activities 
for valuable materials in the Supply Chain context. 
The definition of the Sustainable Supply Chain 
Management has been presented in [12]. It refers to the 
improvement of the economic, environmental and social 
impacts along the Supply Chain in the following terms: “the 
management of material, information and capital flows as 
well as cooperation among companies along the Supply Chain 
while integrating goals from all three dimensions of 
sustainable development, i.e., economic, environmental and 
social, which are derived from customer and stakeholder 
requirements”. Before to realize this sustainable chain it is 
important to define what is the Value Chain and which is its 
architecture to take into account both for economic and 
environmental aspects. This paper is focalized on the 
Sustainability Value Chain, where the Value Chain is a sub-
set of the entire Supply Chain partners. Several researchers 
have already studied the sustainability of the industrial 
processes [13][14] and the related factories [15][16], but a 
necessary improvement has to be achieved by considering the 
Sustainability Value Chain Management. In a Value Chain 
perspective, the strategies and actions developed to improve 
the environmental and economic sustainability should involve 
only the factories flows that hold a competitive advantage for 
the company or an added value for the product. In fact, the 
Value Chain architecture can be defined as a conscious design 
of suppliers, manufacturers, distributors and customers 
relations in terms of materials, resources and information 
flows, in order to maximize the value creation along all the 
factories involved in the Value Chain [17]. In this definition 
the material flow, such as location issues and transport 
decisions, information flow, as well as the dynamic nature of 
the chain are considered. Holweg & Helo [17], have provided 
five domains of a Value Chain architecture; Value provision: 
what does the company want to focus on in terms of value 
creation? Operational footprint: where does the company 
operate and source from?  Risk management: what 
mechanisms does the firm use to limit exposure?  Order 
fulfillment and product customization: how does the firm 
respond to customer orders?  Buffering mechanism: how does 
the firm deal with uncertainty? These aspects are very 
interesting but they are closely related to the economic Value 
Chain management aspects and they do not quantitatively 
consider the energy and materials consumption. A sustainable 
system is characterized by interlinked interactions at various 
levels (machine, process, factory level) spanning economic, 
ecological and societal issues [18]. It is considered in the 
Value Chain assessment as a mean both to improve the 
overall sustainability and to increase the competitiveness of 
each Value Chain partner. To maximize the increased value of 
products [19], the Value Chain management should be 
considered a tool able to facilitate the adoption of the 6Rs 
concept (i.e. Remanufacturing, Reuse, Redesign, Recycle, 
Recover, and Reduce).  At the moment the studies focused on 
the Supply Chain and Value Chain Management are mainly 
focused on the economic aspects and the lean manufacturing 
principles and most often, total costs or net revenues are taken 
as indicators. From the environmental side, the relations 
between the LCA-based environmental impacts and their 
management in the Supply Chain often points to supplier 
selection (e.g. [20]) and optimization issues, such as transport 
to the final customers. But if we extend the focus to the 
energy and resources consumption, it is possible to define the 
Value Chain relations to evaluate the process criticalities 
within the factories involved and how the choices of a partner 
influence upstream and downstream processes that contribute 
to the product environmental impacts in its lifecycle. 
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3. Methodology to model the Value Chain Network 
The model presented in the following pages has the aim to 
achieve the best Value Chain configuration according both  to 
the requirements needed by the key-partners of the Value 
Chain and their physical inter-relations. The definition of such 
a model can support companies in the achievement of two 
main aims:  
x One related to the re-design of current Value Chain, in 
terms of which factories should bring materials and 
energy savings and which type of actions or policies 
could be implemented to increase the energy efficiency 
and reduce the materials consumption;  
x Another, about the creation of a new Sustainable Value 
Chain, through the study and design of the relations 
among factories that currently are not involved in an 
existing Value Chain, in order to create new efficiency 
scenarios. 
To optimize global resources efficiency, during initial 
Value Chain configuration, or on-going Value Chain 
optimization, it is necessary that local choices at different 
Value Chain levels are made according to a wider vision, 
considering their impact on the entire Value Chain (both 
upstream and downstream), and not only at a factory level. 
Indeed, there are some aspects inside a factory related to 
process performance and the technical building system that 
could obtain important benefits if we consider the boundaries 
of the system outside the factory itself. For example if the 
waste heat coming from an industrial process is considered 
(e.g. ovens, degreasing cabin, etc.) the optimization of this 
flow or its reuse could be done through the collaboration of 
the machine/process developer, the factory in which the 
process is performed and the provider of the building heating 
system. Or more, the minimization of the pneumatic actuators 
could be realized through the cooperation between the 
machine developer and the electric actuators developer, 
obtaining a machine with an increased initial cost but with a 
shorter pay-back period through the energy consumption 
decreasing.(i.e. reducing the use of compressed air the 
transport losses are reduced and the losses related to the 
compressor conversion yield are avoided). These actions can 
be done only with the involvement of the key-partners 
belonging to the same Value Chain and considering their 
inter-relations. 
The sustainability assessment along the Value Chain is a 
study that requires a high degree of detail. Unlike the product 
sustainability assessment, here the focus is to define and 
evaluate the relations among the factories involved in the 
specific Value Chain in terms of material, information, 
resources and energy flows. In fact the aim of this new 
assessment method is to create several synergies within the 
network, able to improve the product EoL strategies, reduce 
and/or reuse the scraps, decrease the transport impacts, 
improve the processes performance in terms of materials and 
energy used, etc. Sometimes the capture of such flows and the 
related modelling is not enough to understand how an existing 
Value Chain could be performed or how a new Value Chain 
could be implemented. The relations describe only the 
interactions among the Value Chain partners, but they do not 
engage the companies’ specific needs and how these needs 
could be merged each other to strengthen the Value Chain.   
For these reasons we propose in this paper a method able to 
identify the existing relations among the different factories 
involved in a tailored Value Chain, their main criticalities and 
also the new possible synergies hidden till now, through the 
comparison of the Value Chain companies requirements. To 
achieve these purposes, the method is developed in three main 
steps:  
1) Mapping of each Value Chain factory; 
2) Value Chain factories relations recognition; 
3) Requirements analysis. 
3.1. Mapping of each Value Chain factory 
The factory model is conducted in terms of inputs needed, 
outputs produced, waste generated and process or factory 
constrains. For instance, if we consider an hypothetical 
factory namely A (see Fig. 1), it can be represented by a box 
where a set of  inputs (IaA) enter in order to generate a set of 
outputs (ObA). To realize its production process a set of 
constraints (CcA) are needed, and finally the same production 
process can produce several waste (WA). In such a model, a, 
b, c respectively represent the different typologies of inputs 
used, the outputs produced and the constraints requested. In 
this work we have supposed the waste generated like a unique 
typology. This mapping is useful to have a graphical view of 
the factory flows in order to study and capture all the 
significant relationships among several factories. The inputs 
are related to the type of and quantity of raw materials used, 
the consumables involved and the type and quantity of the 
energy required to perform the activities within the factory. 
The outputs are related to the finished product or  services. 
The main constraints are the production rate, the product 
quality, the production quality (in terms of percentage of 
scraps produced). The waste produced consists of materials 
and energy, such as scarps wasted heat.  
3.2. Value Chain factories relations recognition 
According to the factories mapping done in the previous 
step, the next goal is to detect all the existing relations among 
the factories involved in the analysis. This representation 
allows to discover also other synergies, hidden inside the 
Value Chain. These synergies and relations refer to: 
x One or more outputs of a factory that could be the input 
for other factories (output-input relation); 
x A waste of a factory that could be the input for another 
factory (waste-input relation). 
Such factories can be already part of a Value Chain or not. 
In the first case, the relations are already defined, but this 
method can highlight the hidden ones or to define further 
relations to strengthen the competitiveness of the key-partners 
involved in the Value Chain. In the second case the relations 
do not exist, so they should be searched according to the 
inputs, outputs and waste and related inter-relations, to create 
new synergies among the Value Chain partners considering 
new market scenarios or new products development. Fig. 1 
shows an example of how the relations among several 
148   Andrea Luzi et al. /  Procedia CIRP  33 ( 2015 )  145 – 150 
factories could be modeled, and the Table 1 is the template 
where the output-input and waste-input relations can be 
gathered.  
 
Fig. 1. Value Chain factories relations. 
Table 1. Framework to identify the relations among different factories. 
  OA OB OC OD … On 
IA       
IB       
IC      
ID       
…       
In   
 
   
 WA WB WC WD … Wn 
 
Each table cell (Table 1) could be marked with the two 
symbol “X”, one upper the diagonal line to indicate the 
existing relation between output and input of two different 
factories, and another one under the diagonal line to indicate 
the existing relation between waste and input of two different 
factories. 
In this model, to complete in a proper manner the 
“Sustainable Value Chain matrix” (i.e. Table 1), the 
management of information flows required is crucial to obtain 
a reference model able to optimize the energy and resources 
consumption along the product manufacturing and at the EoL 
stages.  The strengthening of the relations among the partners 
belonging to the same Value Chain can bring important 
energy and other resources reduction, through the: 
x Development of a technologically & environmentally 
optimized scheduling at network level (involving sub-
contractors) in order to use the most appropriate 
machines/process considering the machine capacity, the 
type of products and the production batch 
x Waste minimization and direct reuse of scraps through 
collaboration with the recycler and the material producer 
x Horizontal integration between subjects at the same level 
of the Supply Chain to optimally exploit the common 
resources used along the production processes (raw 
materials and consumables)  
x Vertical integration within the Supply Chain considering 
energy efficiency together with the reduction of time 
losses, labour and inventories 
x Development of strategies for traceability of materials to 
collect them at the EoL and to know their conditions, in 
order to increase the quality of the second hand materials. 
3.3. Requirements analysis 
This phase is the core of the proposed methodology. It 
provides how to collect requirements for each factory involved 
in the sustainable analysis, and then tries to create a 
correlation between the factories according to the shared 
requirements. The considered requirements in this work are 
the business requirements, in order to assess the economic 
convenience to apply a certain actions or policy, and the 
sustainable requirements, that are focalized on the factory’s 
capacity to obtain energy, a material or other resources 
efficiency. The choice of involving also the business 
requirements is due to the fundamental objective of companies 
related to the generation of revenues and profits. The business 
requirements are related to: the decreasing of raw materials 
cost and the production cost (in particular regarding to the 
machines use phase), the reduction transports cost and 
transactions cost, the cost reduction of the technical building 
system management, etc. Regarding the sustainable 
requirements, they are related to: the direct energy use 
reduction, the efficient and conscious use of indirect energy 
flows within the factories, the reduction of raw materials use, 
the reduction of scraps produced, the improvement of the 6Rs 
approach through the implementation of more effective EoL 
strategies, etc. These requirements should evolve or change on 
the base of the value chain considered.  
Table 2. Business Requirements per factory. 
BUSINESS REQUIREMENTS 
Factory Role req1  req2 req3 req4 req5 req6 … req m 
A 
B 
C 
D 
… 
Factory n 
Supplier 
Supplier 
Producer 
Disposer 
Supplier 
Supplier 
XA1 
XB1 
XC1 
XD1 
… 
Xn1 
XA2 
XB2 
XC2 
XD2 
… 
Xn2 
XA3 
XB3 
XC3 
XD3 
… 
Xn3 
XA4 
XB4 
XC4 
XD4 
… 
Xn4 
XA5 
XB5 
XC5 
XD5 
… 
Xn5 
XA6 
XB6 
XC6 
XA6 
… 
Xn6 
… 
… 
… 
… 
… 
… 
XAt 
XBt 
XCt 
XDt 
… 
Xij 
Table 3. Sustainable Requirements per factory. 
SUSTAINABLE REQUIREMENTS 
Factory Role req1  req2 req3 req4 req5 req6 … req  t  
A 
B 
C 
D 
… 
Factory n 
Supplier 
Supplier 
Producer 
Disposer 
Supplier 
Supplier 
YA1 
YB1 
YC1 
YD1 
… 
Yn1 
YA2 
YB2 
YC2 
YD2 
… 
Yn2 
YA3 
YB3 
YC3 
YD3 
… 
Yn3 
YA4 
YB4 
YC4 
YD4 
… 
Yn4 
YA5 
YB5 
YC5 
YD5 
… 
Yn5 
YA6 
YB6 
YC6 
YA6 
… 
Yn6 
… 
… 
… 
… 
… 
… 
YAt 
YBt 
YCt 
YDt 
… 
Yij 
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The tables above (Table 2 and Table 3) show how the 
business and sustainable requirements are collected for each 
factory. The “Xij” represents the generic business requirement 
and its value in the table can be 0, if the factory do not satisfy 
that specific requirement, or 1, if the factory would satisfy 
that requirement. In fact, “i” is the factory and its value goes 
from A to n (i.e. the last factory involved in the analysis), and 
“j” is the specific requirement and its value goes from 1 to m 
(i.e. the number of requirements provided). In order to obtain 
a correlation among the factories according to their 
requirements, it is necessary to understand which factories 
share the same requirements. In fact, this evaluation can give 
an idea of what the factories require in terms of business 
policies (e.g. decrease of production costs,  increase of 
revenues, etc.) and efficiency solutions (e.g. reduction of 
energy and/or other resources consumption, use of second-
hand raw material, etc.). The Table 4 collects the final results 
of this analysis. Here, each cell contains the numerical sum 
only of the requirements shared between two factories. This 
table holds both the business and sustainable requirements 
because the depiction of the factories relations is a 
symmetrical matrix; this means that the values present upper 
and under the diagonal are the same. For this reason, having a 
matrix able to contain two different faces about the same issue 
(in this case, the factories relations, that consider both 
business and sustainable requirements) it is possible to 
understand where (in term of factories involved) and how (in 
term of actions to develop according to the requirements 
analyzed) the Value Chain could be improved (for an existing 
Value Chain) or how it can be developed (for a new product 
or a new business scenario). Indeed, the cells containing the 
higher values represent the strong relations between the 
factories involved; however some of them could not be 
effectively implementable. For this reason, the results of the 
table 4, that highlight the most significant relations between 
factories in terms of requirements shared, must be compared 
with the physical relations mapped  and collected in the table 
1, in order to understand which are the real implementable 
relations. 
Table 4. Requirements shared among factories. 
  A B C D 
A 1 ∑ (XAj ∩ XBj) ∑ (XAj ∩ XCj) ∑ (XAj ∩ XDj) 
B ∑ (YBj ∩ YAj) 1 ∑ (XBj ∩ XCj) ∑ (XBj ∩ XDj) 
C ∑ (YCj ∩ YAj) ∑ (YCj ∩ YDj) 1 ∑ (XCj ∩ XDj) 
D ∑ (YDj ∩ YAj) ∑ (YDj ∩ YBj) ∑ (YDj ∩ YCj) 1 
 
Such a model can help companies to define their 
sustainability policies at strategic level, considering not only 
the product and/or process optimization, but also the entire 
Value Chain relationships. The method should be used before 
starting to implement the efficiency strategies at 
factory/process/machine level. 
4. Methodology application 
The aim of this section is to show the real applicability of 
this method on a real industrial case study. According to this 
purpose, such a methodology was applied to a current study of 
an Italian company leader in the household appliances 
production, that would shift towards a sustainable Value 
Chain. The industrial case study was born by the need to 
create a new competitive advantage for the company itself, 
applying in its Value Chain the lean philosophy and the 
sustainability principles. Currently the company, in a 
continuous improvement scenario, would like to involve its 
partners to strengthen the Value Chain. 
The Value Chain factories involved in this study are five, 
and represent the Value Chain key-partners to realize a 
kitchen oven.  They are the product manufacturer (identified 
with the symbol “C”), two different components suppliers 
(respectively identified with the symbols “A” and “B”), a 
consortium that manages the product EoL (identified with 
symbol “E”), and an outside contractor that provide a semi-
finished used in the latter stages of the product assembly 
(identified with the symbol “D”). 
The application of the first two methodology steps gives as 
result the physical Value Chain relations gathered in Table 5. 
In detail, the factory A provide the aluminum parts as inputs 
for the factory C; the factory B, (the second components 
supplier) provides the electric and electronic equipments 
needed by the kitchen oven. the kitchen oven producer 
(factory C) uses these different components and a semi-
product coming from the factory D, that produces the oven’s 
glass door to realize the final product. Finally the factory E, 
(the disposer), receives in input the final product at end of life 
and the waste generated by factory D and B. They are 
processed, generating in output a second-hand material (e.g. 
the glass parts) with other functionalities and recover parts 
with an added value that could be used as input by the factory 
B (the electric motor and the electronic board, governed by 
the WEEE regulations). At this point, the business and 
sustainable requirements (listed in section 3.3.) are identified 
and matched for each factory involved. The final result is 
shown through the table 6, where the relations among 
factories both according to the business and sustainable 
requirements, and according to their physical flows are 
identified. In fact, the information about the first kind of 
relations are held into the cell, as the number of the 
requirements shared between two specific factories. 
Obviously, the cells that contain the highest number of 
requirements shared identify a strong relation between the two 
factories involved. Finally, to select the factories to involve in 
the Value Chain, it is necessary taking into account  the 
existing relations between the same factories that have the 
highest number of requirements shared. According to these 
concepts, the table 6 shows how the cooperation between the 
factories A-C could have both an economic and sustainable 
advantage, while the factories B-C have only an economic 
convenience in a hypothetical cooperation. Moreover, the 
cooperation between both the factories B-E and D-E have a 
great advantage by a sustainable point of view, like also the 
factories C-D, that could implement a good cooperation. The 
strongest relations exist between factory A and C, the 
producer and its supplier, by both economic and sustainable 
point of view. This means that business and sustainable 
policies are implementable to improve the Value Chain 
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performances. Moreover, this strong relation exist also 
between factory E and B; this means that it is realistic to think 
at a possible collaboration between disposer and that 
component supplier producer by a sustainable point of view 
(e.g. using the second-hand raw material regenerated and so 
on). The other relations are more weak but however 
implementable, like that between D and C (by an economic 
and sustainable point of view), between C and E (by an 
economic point of view), or between D and E (by a 
sustainable point of view). 
Table 5. Industrial case study input-output and waste-input relations. 
  OA OB OC OD OE 
IA      
IB     
X 
IC X X  X  
ID      
IE  X 
X 
X  
 WA WB WC WD WE 
Table 6. Industrial case study requirements results. 
 A B C D E 
A 1 3 4 2 0 
B 2 1 3 2 1 
C 3 3 1 1 2 
D 0 3 2 1 0 
E 1 3 1 2 1 
5. Conclusions  
The methodology proposed in the previous sections is still 
at the early stage of its definition.  The three main steps of the 
method are defined and tested in a real case study; these three 
steps are useful for an existing Value Chain as well as for a 
new Value Chain creation. The first experimental application 
is presented, here not all the Value Chain key-partners are 
considered, but only the partners that are responsible of the 
most important environmental and cost impact for the product 
manufacturing to reduce the complexity of the first method 
application. In a scale from 1 to 5 that describes the 
requirements results inside the Value chain, it is clear that the 
relations between the aluminum components provider and the 
product producer could be the skeleton key to strengthen the 
competition of these factories within the market context. This  
application will be improved in future works, evolving 
towards other industrial cases, considering the other partners 
and including in the future how distances and production 
batches influence these relations. Even now Such a model 
could be useful to define an industrial symbiosis scenario for 
the companies, considering in the matrix other partners that 
does not belong directly to the same Value Chain. The model 
developed, will be the base to understand how the 
relationships among Value Chain subjects quantitatively 
affect the overall sustainability.  
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